Schwann-cell differentiation in clonal cultures of the neural crest, as evidenced by the anti-Schwann cell myelin protein monoclonal antibody (cell 
With the exception of the neurons of certain cranial sensory ganglia, cell types that make up the peripheral nervous system (PNS) are derived from a transitory embryonic structure, the neural crest (NC). In the PNS, the glia comprises Schwann cells, which line the peripheral nerves and may or may not produce myelin, and satellite cells, which are associated with neuronal cell bodies in sensory and autonomic ganglia. In the enteric plexuses, satellite cells possess specific properties (1) (2) (3) that set them apart from the other categories of glia.
Schwann cells are usually defined by their close apposition to nerve fibers. It is known, in addition, that biochemical and functional interactions take place between axons and Schwann cells. In vivo studies have shown that neurites supply Schwann cells with mitogenic and myelinogenic signals (4-7). Studies of purified Schwann cells cultured in vitro have led to the demonstration that the axonal myelinogenic signal involves the production by the Schwann cell of a complex extracellular matrix that is necessary for both ensheathment and myelination of the nerve fibers (8) (9) (10) (11) (12) (13) .
Until recently, no obvious characteristic other than myelin production and their positions relative to the neurons permitted Schwann cells to be distinguished from satellite cells. Early in development, avian Schwann cells can now be distinguished from ganglion satellite cells, even in nonmyelinated nerves, by using the Schwann cell myelin protein (SMP) marker (3) . The SMP antigen, a surface glycoprotein identified by SDS/PAGE under nonreducing conditions as a doublet of Mr 75,000-80,000, is expressed by all cells lining peripheral nerves from embryonic day (E) 6 onward in the quail, but not by satellite cells of either peripheral or enteric ganglia. In peripheral nerves, myelin is detectable only 6 days later on E12.
The SMP marker appears in cultures of dissociated NC cells (3) , indicating that early migrating NC cells can express the Schwann-cell phenotype in the absence of other embryonic tissues. We have described (14) a culture system using a feeder layer ofgrowth-inhibited 3T3 cells as a substrate that allows single explanted NC cells to grow and produce colonies in which virtually all NC-derived phenotypes are expressed. By using this system, we were able to demonstrate the existence of cells possessing various growth and differentiation capabilities in the mesencephalic NC removed from quail embryos during the migratory stage. Some NC cells are fully committed and able to give rise to only one cell type (e.g., neurons) whereas others yield a largely diversified progeny, thus indicating an inherent multipotentiality at the time of migration (14) .
The feasibility of studying the developmental potentialities of individual NC cells prompted us to undertake the work reported here, which has consisted in the clonal analysis of the NC ancestors of Schwann cells by using the 
MATERIALS AND METHODS
Culture methods and cloning procedures have been described in detail elsewhere (14) . Briefly, the NC was removed from 9-to 13-somite quail embryos (E2) at the mesencephalicmetencephalic level, where it can be dissected without con-Proc. Natl. Acad. Sci. USA 87 (1990) tamination by cells of the neural tube (15, 16 cultures, double labeling was performed using anti-SMP with HNK1 directly conjugated to FITC.
For the analysis of cell proliferation, [3H]thymidine (25 mCi/mmol; 1 Ci = 37 GBq; Amersham) was added to the medium at a final concentration of 1 ,Ci/ml. Twenty-four hours later, the cultures were fixed for 1 hr in 4% (wt/vol) paraformaldehyde in phosphate-buffered saline (pH 7.4). Autoradiography was performed, using Ilford K5 nuclear emulsion (Kodak) after immunocytochemistry.
RESULTS
Expression of SMP Immunoreactivity in Mass Cultures of Dissociated NC Cells. Mesencephalic NC cells grown on 3T3 cells expressed several identifiable phenotypes. As described (14) , melanocytes, cartilage, and several TyrOHase+ types of adrenergic cells as well as TyrOHase-, vasoactive intestinal peptide-positive, or neurofilament protein-positive, nonadrenergic neurons differentiated after a few days in culture. In the present study, the following two types of nonneuronal cells could be distinguished: Schwann cells, which were revealed by the anti-SMP mAb, and non-Schwann (presumably satellite) cells, which were SMP-and HNK1+. Since satellite cells in vivo express the latter phenotype, we consider that at least some of the SMP-, HNK1+ cells in the 27 16.5 Non-Schwann cells -/+ nonneuronal 11 7 -/+ and -/-nonneuronal cultures were of this cell type. However, it cannot be ruled out that some of these cells may have been undifferentiated NC cells. All SMP+ cells were HNK1+, as could be demonstrated with the latter mAb directly coupled to FITC (results not shown).
SMP immunoreactivity first appeared on day 8 of culture in a subpopulation of NC cells that increased in number as the cultures aged. At any given time, SMP+ cells exhibited variable morphology and diverse intensities of immunostaining. In 13-to 16-day clonal cultures, the great majority of the cells that, in association with neurons, formed large cords around 3T3 cells, were faintly stained. A few elongated bipolar cells and rare shell-shaped cells fluoresced more brilliantly (Fig. 1) .
Distribution of SMP+ Cells in Clonal NC Cell Cultures. Six series of cultures were analyzed after 13-16 days in vitro. A total of 184 clones was obtained from 490 cells seeded, corresponding to a mean cloning efficiency of 38% (range, 25-57%). Ten clones, damaged during the working-up procedure, and nine clones, negative for all the markers tested, were not taken into account, since their derivation from a contaminating mesodermal cell could not be excluded.
SMP+ cells differentiated in 87% of the cultures and were distributed among seven categories of clones, defined according to the other phenotypes with which they were associated ( Table 1) . As in our previous experiments (14) , most of the clones (59.5%) were composed only of nonneuronal cells of one or more of the following three types: Schwann cells (SMP',HNK1+), putative ganglion satellite cells (SMP-, HNK1+), and cells, whose identity remains undefined, devoid of these two markers. The proportion of the clones containing various combinations of these three kinds of cells is indicated in Table 1 . (i) Thirteen percent of the clones were composed of a pure population of SMP-immunoreactive cells (Fig. 2 A  and B) . (ii) Thirty-four and a half percent of the clones were heterogeneous, containing both SMP',HNK1+ and SMP-, HNK1+ cells, as shown in Fig. 2 C and D, and (iii) 12% were stained only by the HNK1 antibody.
Neuronal cells (adrenergic and/or nonadrenergic) were present in 37% of the clones (Fig. 2 E and F Finally, in three clones, formations of cartilage were observed. These were surrounded by nonneuronal cells that were HNK1+ or HNK1-and, in two clones, SMP+ cells were also present.
Proliferative Activity of SMP+ Cells in NC Clonal Cultures. Most of the clones not only were phenotypically heterogeneous but also differed strikingly in the number of cells that they contained, ranging from 20 to more than 30,000 cells per clone, as described for 10-day clones (14) . The distribution in size varied with the type of clone considered (Fig. 3) .
Homogeneous SMP+ clones and clones with both neurons and nonneuronal cells constituted the largest populations. Of the nonneuronal precursors, direct progenitors of SMP+ cells proliferated more intensely than did the precursors of SMP-,HNK1+ non-Schwann cells (Fig. 3) .
Quantitative analysis of cell proliferation performed after a 24-hr pulse of [3H]thymidine at the end of the clonal culture period indicated that cell multiplication in NC progeny, as a whole, declined between day 13 and day 16 of culture: in 70% of the 13-day clones (n = 20), 20-50% of the cells were labeled, whereas less than 20% were labeled in 16-day clones (97%; n = 107). (Fig. 4) . This indicates that a proliferative pool of SMP+ cells remained after 2 weeks in clonal culture. (3) and, in the central nervous system, with oligo4 (22) . In the embryo, SMP immunoreactivity apt than any other known Schwann cell marker, since able on certain peripheral nerves at E6 in the qi earliest myelinating Schwann cell markers so far is the protein P. and myelin basic protein, which ar in detectable amounts from E14 onward in chi( nerves (23) . In mass cultures of quail NC cells rei 
Previous studies of Schwann cell development in culture have been carried out with differentiated cells removed from embryos or fetuses much later in ontogeny (for review, see ref. 24 ) and have dealt essentially with Schwann cell-specific growth factors and with the occurrence of differentiation traits related to the myelination process. Moreover, in most In of these experiments, identification of the Schwann cell phenotype has relied on the coincident expression of Schwann cell-related antigens rather than on the use of a specific marker for this cell type (e.g., ref. 25) . A case in point is the Ranl antigen (26) expressed by rat Schwann cells and also by some rat sensory neurons and nerve cell lines (25) .
In the present work, the early steps of Schwann cell differentiation, as shown by the anti-SMP mAb, were investigated in clonal cultures of mesencephalic NC cells. The culture method, as described (14), allows vigorous proliferation of individual NC cells as well as their differentiation into a large array of derivatives. Under these permissive conditions, identification of the phenotypic characters of the crest cell progeny enables one to define a posteriori the degree of commitment of the founder NC cell. We have so far identified several classes of more or less pluripotent precursors in the migrating NC. Here we describe the differentiation of SMPimmunoreactive cells in various classes of clones, a result that implies the existence of various types of Schwann cell precursors in the mesencephalic NC at the migrating stage. 5 We found that, in 13% of the clones, a pure population of SMP+ cells differentiated from a single NC cell; the latter can, therefore, be considered a committed Schwann cell progenitor. Such progenitors gave rise to some of the largest e phenotypes clones observed after [13] [14] [15] [16] (18) , has binding properties for migrating NC cells similar to those of mAb NC1 raised against quail ciliary ganglion cells (19) (20) (21) . It has since turned out that the HNK1 epitope is carried by several surface molecules including molecules involved in cell adhesion-e.g., neural cell adhesion molecule (N-CAM) (30) , neuron-glial cell adhesion molecule (Ng-CAM)/L1 (31), Ji/cytotactin (32, 33)-and is thus not a lineage-related marker. However, in our system, it has proved to be useful since it is a permanent marker for NC-derived nonneuronal cells of ganglia and peripheral nerves-i.e., Schwann and satellite cells-plus a subpopulation of neuronal cells (20) .
The fact that we also found HNK1-cells in some clones is not surprising, since (38, 39) .
